Abstract Assessing disease risk has become an important component in the development of climate change adaptation strategies. Here, the infection ability of leaf blast (Magnaporthe oryzae) was modeled based on the epidemiological parameters of minimum (T min ), optimum (T opt ), and maximum (T max ) temperatures for sporulation and lesion development. An infection ability response curve was used to assess the impact of rising temperature on the disease. The simulated spatial pattern of the infection ability index (IAI) corresponded with observed leaf blast occurrence in Indo-Gangetic plains (IGP). The IAI for leaf blast is projected to increase during the winter season (December-March) in 2020 (2010-2039) and 2050 (2040-2069) climate scenarios due to temperature rise, particularly in lower latitudes. However, during monsoon season (July-October), the IAI is projected to remain unchanged or even reduce across the IGP. The results show that the response curve may be successfully used to assess the impact of climate change on leaf blast in rice. The model could be further extended with a crop model to assess yield loss.
Introduction
Rice, the most important cereal crop cultivated globally, is the staple food for around half of the world's population. About 90% of rice worldwide is produced and consumed in Asia. Of 164.7 Mha of global area under rice cultivation, about 61.4 and 51 Mha are in South Asia and Southeast Asia, respectively. In the Indo-Gangetic plains (IGP), rice is grown on about 18.67 Mha during monsoon season, under hot-humid conditions matching tropical agroecosystems. Rice is also grown during the winter season, conditions that match a subtropical agro-ecosystem. In fact, rice ecosystems in the IGP represent the conditions of both South and Southeast Asia, depending on the season. The IGP is a major contributor to increased cereal production in South Asia, but projections indicate that South Asia will be about 22 Mt deficient in cereal production by 2030 (FAO 2002) . Yield losses in the range of 10-15% have been reported due to diseases of rice in tropical Asia, with 2-3% loss occurring due to leaf blast (Savary et al. 1998 ). In the IGP, leaf blast (Magnaporthe oryzae) is a major disease of rice (Singh 1997) . The pathogen produces spores, which spread through the air and in raindrop splash to infect leaves, which develop lesions under favorable conditions. Leaf blast infects all stages of the rice crop, from the nursery to grain filling. A blast epidemic may have 7-8 infection cycles per crop season in temperate agro-ecosystems and 10-15 infection cycles in the tropics (Teng et al. 1991) . As leaf blast has remained a major and perpetual constraint to realizing the full potential of rice cultivars, managing this disease is important for sustaining rice productivity. In order to facilitate resistance breeding and develop management strategies, it is essential to assess future disease scenarios.
Climate change is already significantly impacting agro-ecosystems, forests, and animal and posing almost incalculable economic risks (Harvell et al. 2002; Fisher et al. 2012; Bebber et al. 2014) . Global temperature rise in the range of 2.6-4.8°C by the end of this century (IPCC 2014) will likely influence host-pathogen interactions (Anderson et al. 2004; Burdon et al. 2006) , alter pathogen development rates, and change the spatial distribution pattern of diseases (Coakley and Scherm 1996; Chakraborty and Newton 2011) . For the IGP, rises in temperature (3-5.3°C) and rainfall (up to 20% increase) towards the end of the century are projected to reduce rice yields by around 4 to 12% in 2020 (2010-2039), 4 to 18% in 2050 (2040-2069), and ∼6 to 24% in 2080 (2070-2099) in northern India (Naresh et al. 2013) . However, studies thus far have not considered pest incidence in a changing climate, conceding this as one of the major uncertainties in projections. Assessments of disease risk in general and of leaf blast risk in particular are required for long-term crop management and planning, prioritization of research and extension activities (Savary et al. 2012) , and strategic decision making regarding future investments (Garrett et al. 2006; Juroszek and von Tiedemann 2011; Elad and Pertot 2014) . Thus, the capability must be developed to predict the impact of climate change on the timing, abundance, and seasonal patterns of disease development at regional and global scales (Scherm et al. 2000) . Reducing uncertainties in the impact assessment requires an improved understanding of the relationship between temperature and disease development (Lobell and Ortiz-Monasterio 2007) .
Temperature is the most important factor governing the rate at which leaf blast lesions develop and thus affecting inoculum concentration (Luo et al. 1998) , particularly in the humid tropics where moisture (relative humidity) is rarely a limiting factor (Kim et al. 2010) . To convey the effect of temperature on pathogen growth and infection, a beta function may be used (Magarey et al. 2005; Bregaglio et al. 2012) , taking the pathogen's cardinal temperatures to estimate the shape and response pattern (Guyader et al. 2013 ). Based on an organism's response to temperature regimes, spatial and temporal variations have been assessed to estimate the impacts of climate change (Elith and Leathwick 2009; Pinkard et al. 2010) . For leaf blast, temperature thresholds for sporulation (minimum 9-12°C; optimum 25-28°C; maximum 34-35°C) and lesion development (about 13 to 18 days at 9-11°C and 4 to 6 days at 26-28°C) have been previously reported (Teng et al. 1991) . To assess the effect of temperature on sporulation and lesion development, an impact model can use national climatological data sets to predict the potential risk of infection on a large spatial scale (Launay et al. 2014) .
There are large uncertainties in climate projections regarding precipitation and relative humidity (IPCC 2014) , complicating the impact assessment of diseases. Therefore, a simple predictive model based on the response of pathogens to temperature is less uncertain than the use of process-based epidemiological models that require temperature and the duration of relative humidity or leaf wetness as driving variables. In light of the above, the present study assessed the impact of rising temperature on leaf blast infection in the IGP. The specific objectives were as follows: (1) to evaluate a temperature-dependent impact model for sporulation and lesion development and (2) to simulate the effect of temperature rise on blast distribution under climate change scenarios.
Materials and methods
To assess the impact of rising temperature on leaf blast in rice, an infection ability model was used (Viswanath 2015) . Details regarding the generation of biological data and development of the model are provided in Supplementary material to this paper.
Infection ability model for sporulation and lesion development
The infection ability model [r(T)] explains blast infection in relation to cardinal temperatures for sporulation and lesion development following the non-linear beta function (Yan and Hunt 1999; Guyader et al. 2013) 
where T max , T min , and T opt are the upper, lower, and optimum threshold temperatures, respectively, for sporulation and lesion development; T is the hourly air temperature (°C); and R max is the asymptote for sporulation and lesion development rate. Data on hourly sporulation and lesion development rates were fitted and summarized into the infection ability model (Eq. 2; details in Supplemental material):
This model was used to estimate an infection ability index (IAI) as a measure of the spatio-temporal pattern of leaf blast. The IAI was estimated using hourly temperature data (India Meteorological Department, Pune) for 35 locations across the IGP comprising seven states (Punjab, Haryana, Himachal Pradesh, Uttarakhand, Uttar Pradesh, Bihar, and West Bengal). Since blast infection of rice occurs at any time from the seedling stage to maturity (Singh 1997) , temperature regimes were used from both monsoon and winter rice growing seasons in 2013-2014, yielding Eq. 3
where t 1 = 01:00 h of July 1 and t n = 24:00 h of October 31 for monsoon rice, and t 1 = 01:00 h of December 1 and t n = 24:00 h of March 31 for winter rice. Ground truth data for leaf blast incidence were collected following a simple random sampling method. For each location, 24-36 rice fields were chosen, scoring the disease on 0-4 scale, where 0, 1, 2, 3, and 4 represent no incidence, trace incidence, low incidence, moderate incidence, and high incidence, respectively (Savary et al. 2000) . Since all cultivars are susceptible to the disease, choice of field was random. In addition, the past record of the presence or absence of the disease in these locations was collected through field surveys.
Model sensitivity and ground truth data on leaf blast incidence
To assess the sensitivity of leaf blast to temperature change, initially, the IAI was estimated for current ambient temperatures across the IGP for 2013-14 monsoon and winter (in the eastern part of IGP) rice seasons. Thereafter, the IAI was estimated for temperatures +1.5°C above the current ambient level and compared with the current baseline. For this, spatial interpolation of IAI was done following the Inverse Distance Weightage method on the ArcGIS 10.0 platform.
Projection of leaf blast incidence in the IGP in climate change scenarios
The leaf blast model was used to project the IAI in future climate scenarios for 2020 and 2050 of four representative concentration pathways (RCPs 2.6, 4.5, 6.0, and 8.5) and eight representative locations in the IGP (30°45′ N, 75°45′ E; 29°45′ N, 76°45′ E; 28°45′ N, 77°45′ E; 26°15′ N, 80°1 5′ E; 26°45′ N, 80°45′ E; 25°15′ N, 82°45′ E; 25°45′ N, 85°45′ E; and 23°15′ N, 86°15′ E). Daily maximum, minimum, and average temperatures were used from the Global Climate Model (GCM) ensemble projections, a probabilistic ensemble comprising 36 GCMs (CMIP5 Climate Model Intercomparison Project phase 5 database at http://cmip-pcmdi.llnl.gov/cmip5/; Program for Climate Model Diagnosis and Intercomparison (PCMDI)). Hourly air temperatures were calculated from the daily minimum and maximum temperatures using the wave method (Reicosky et al. 1989) . These data were then input into the model to simulate disease projections in future climates.
Results

Performance of leaf blast infection ability model to reproduce observed spatio-temporal patterns
Sporulation and lesion development rates were significantly (p < 0.05) influenced by temperature (Supplementary Tables 1 and 2 were estimated at 20.9 and 27.5°C, respectively. The inflection point refers to the temperature at which the maximum rate of sporulation and lesion development occurs, an indication of maximum infection ability. Infection ability increases at an increasing rate for temperatures from T min to T inflection point (Fig. 1) . Therefore, a small increase in temperature in this range would be expected to increase infection ability. If the temperature regime of a rice-growing location or season predominantly falls between T min and T inflection point , any rise in temperature there is likely to increase leaf blast infection ability. Increase in temperature from the range of T inflection point to T opt will also likely increase infection ability, though at a decreasing rate. Locations or seasons with temperatures beyond T opt will likely have reduced infection ability. The impact of rising temperatures can be explained using this response curve.
Based on the above, observed leaf blast data (past and current incidence) from 35 ricegrowing locations across the IGP were analyzed for both the monsoon and winter rice-growing seasons (Tables 1 and 2 ). As indicated from ground truth survey data, the IAI corresponded with leaf blast incidence (r 2 = 0.78-0.81, p < 0.05). Locations where the disease remained perpetually endemic had high IAI with blast incidence in the range of 1.2-2.4 with low standard deviation (Table 1) . Past records of these areas have also suggested that leaf blast infection was common. In other locations, lower IAI corresponded with lower blast incidence (0.05-1.0).
During the monsoon season, hourly temperatures (27-32°C) across the IGP predominantly lay in the curve segments between T opt and T max , where blast incidence would be expected to decrease or remain unchanged due to rise in temperature (Fig. 1) . Both past and current ground truth data indicated no change or a slight decline in blast incidence (Table 1) . However, in hilly regions (Almora and Dehradun), temperature regimes (20-27°C) lay between T min and T opt , where blast incidence would be expected to increase due to rise in temperature. In these areas, ground truth data indicated an increase in leaf blast incidence. During the winter season, rice is mostly grown in the eastern parts of the IGP, where hourly temperatures (14-21°C) predominantly lie between T min and T opt (Fig. 1) . The model predicts that any rise in temperature from this range should increase leaf blast incidence. Ground truth data indicated an increase in leaf blast incidence in the eastern IGP over the past few decades during the winter season (Table 2 ). These results show that the impact of rising temperatures on blast incidence can be assessed using the temperature-dependent impact model presented here. 
Seasonal variation in the temperature sensitivity of leaf blast in the IGP
To assess changes in leaf blast infection ability with increasing temperature, the IAI was estimated for two rice seasons at both the current ambient temperature level and +1.5°C. Results indicated no significant change in IAI during the monsoon rice season throughout the IGP (Fig. 2a-d) . However, during the winter season, the IAI increased with +1.5°C in eastern parts of the IGP (Fig. 3a, b ). Past and current ground truth data showed that leaf blast incidence did not significantly change during the monsoon season, but blast incidence did increase in the winter rice season. Therefore, the IAI estimated using the infection ability model is sensitive to temperature change in terms of both location and season. The model therefore could be used to simulate a leaf blast scenario assuming that the moisture, inoculum, and cultural practices remain the same.
Potential leaf blast infection throughout the IGP in RCP scenarios
In the IPCC AR5 climate scenarios RCPs 2.6, 4.5, 6.5, and 8.5, leaf blast incidence was projected across eight representative locations (between 23°and 30°N) of the IGP for baseline (1980-2005), 2020 (2010-2039), and 2050 (2040-2069) periods. During monsoon season, IAI is projected to change marginally across latitudes (Fig. 4a ) in all scenarios except RCP 8.5 (2050) where the only decreasing trend was noted (Fig. 4b) , decreasing up to 7% for all locations compared to the baseline. Since IAI of 20-25 is equivalent to blast incidence magnitude of 1.0-1.5 (trace to low), a change of 1-7% in IAI is unlikely to influence blast incidence. Therefore, we conclude that during monsoon season, the level of leaf blast infection will likely not change appreciably in a changing climate. During the winter season, increased IAI across latitudes is projected for all scenarios as compared to the baseline (Fig. 5a ). In general, increase in IAI is projected to be 16-170% (Fig. 5b) , with greater increase at higher latitudes. The maximum increase in IAI (42-170%) was projected for RCP 8.5 (2050). As the blast incidence is between 1.5 and 2.4 (low to moderate) in the baseline case, an increase in IAI by 42-170% will likely increase blast 
Discussion
Infection ability of the leaf blast pathogen in rice in terms of sporulation and lesion development has been encapsulated in a simple impact model to assess the effect of rising temperatures on the disease. The model explains the characteristic changes in leaf blast infection ability due to small changes in temperature based on the non-linearity of temperature's effect on the infection process (Xu 1999; Roy et al. 2002) . The cardinal temperatures (T min , T opt , and T max for sporulation and lesion development) used as parameters in the model are open to epidemiological interpretation, as in work concerning other pathogens (Magarey et al. 2005; Bregaglio et al. 2012; Guyader et al. 2013) .
In an earlier study, Luo et al. (1998) assessed the differential impact of rising temperature on yield loss of rice using a CERES-rice model coupled with a leaf blast forecasting model. Higher temperatures increased the risk of yield loss in Japan but decreased the risk in the Philippines and Korea. On the other hand, decreasing temperatures have led to a higher risk of yield loss in southern China while not affecting northern China. The EPIRICE model has projected decreased leaf blast incidence in Korea towards the end of century (Kim et al. 2015) . The infection ability curve presented in this study possibly explains this spatio-temporal variation in leaf blast distribution pattern due to change in temperature. In fact, the inflection point and optimum temperature serve as indicators that are likely to change at any location and season.
Regions or rice seasons with temperature regimes nearer or in between the inflection point and optimum temperature are prone to changes in infection ability given rising temperatures, while infection ability may not change in regions with temperatures in or around the optimum threshold, beyond which rising temperatures will reduce infection ability. As higher altitudes a b usually have climates cooler than the physiological optima for pathogens, warming can be expected to enhance pathogens' fitness and thus the risk of disease epidemics (Ghini et al. 2011 ). In the case of leaf blast, rising temperature is predicted to increase blast incidence in winter season rice. During this season, temperatures predominantly remain cooler than 21°C, below the physiological optima (27.5°C) for infection. Based on the infection ability curve, a change in blast incidence in a location or season could be identified given current or future climatic conditions. The curve therefore could be a basis for the development of a decisionsupport tool to assess disease risk in changing climates. Parameters used in the model either are known for individual pathogens or can be approximated from simple experimentation and by fitting a non-linear beta function (Yin et al. 1995; Yan and Hunt 1999) . Since IAI directly reflects the influence of temperature on leaf blast infection, it can be used to measure blast incidence. Furthermore, by deriving quantitative relationships between IAI, disease incidence, and a functional leaf area index for rice, a disease-related yield loss module could be integrated into a process-based crop model, as has been done for the case of pests (Aggarwal et al. 2006) . Based on the results of this model, adaptation strategies must be developed to manage leaf blast in winter rice, as incidence of blast is projected to increase in future climates. Agroadvisory services to growers might be strengthened through effective monitoring and forecasting of the disease during winter. Further, resistance breeding programs, as well as effective measures for blast disease control, must prioritize their resources for rice cultivation in the winter season.
In summary, a temperature-dependent rate model has been described that can be used to assess both current and future disease-related risks. Further, this model could be linked to a crop model in order to examine host-pathogen interactions and to quantify yield loss. 
